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ByEliReshotkoandClarenceB. Cohen

STJMMARY

Relationsarepresentedforthecalculationofheattransferat
theforwardstagnationpointofbothtwo-dimensionalandaxiallysym-
metricbluntbodies.Therelationsfortheheattransfer,whichwere
obtainedfromexactsolutionstotheequationsofthelaminarboundary
layer,arepresentedintermsofthelocalvelocitygradientatthe
stagnationpoint.Theseexactsolutionsincludeeffectsofvariation

,. of fluidproperties,Prandtlnumber,andtranspirationcooling.Exsm-
plesillustratingthecalculationprocedurearealsoincluded.

rj
~ INTRODUCTION

Inthedesignof supersonicairvehicles,probablythemostcrit-
icalareaswithregardto aerodynamicheatingwillbe inthevicinity
oftheforwardstagnationpointsofbluntbodies.Thisproblemcanbe
treatedusinglminar-boundary-layertheory.Stagnation-pointheat-
transferrelationsarepresentedhereinbasedonexactsolutionsto
theMninar-boundary-layereqpationswithexternalflowsoftheFalkner-
Skantype(I+=A.@)andwithconstantsurfacetemperature.Thelatter
restrictionisrequiredbecausetheexistingexactsolutionsthatin-
cludesurfacetemperaturevariationapplytoa temperaturevariationof
theform(~ - tw) =B@. (AllsymbolsaredefinedinappendixA.)
Usingthisvariationit canbe shownthattheavailablee~ct solutions
forvariablesurfacet eraturearenotvald.data stagnationpointbe-

Caue ‘he‘em & (7
at

’32 hasbeenomittedfromtheener~ equation.

Theapplicablesolutionsmaybe dividedroughlyaccordingtQtheir
considerationoffluidproperties.

Constantfluidproperties.- Forthecaseofconstamtfluidproper-
ties,Squire(ref.1)andSibulkin(ref.2)haveevaluatedtheparameter
Nu/~ fortwo-dimensionalandWally symmetricflow,respectively.
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2 NACATN 3513

Thesecalculations,forPrandtlnumbersfrom0.6to 1.0,indicatethat
thefollowingappro-te relationcloselyrepresentstheRcandtlnum-
bereffecton Nu/.:

(1)

Schuh(ref.3)performedsimilarcalculationswith Pr= 0.7 forthe
flatplate,thetwo-tiensional.stagnationpoint,andan intermediate
pressure~dient. Levy(ref.4)calculatedmanycasesof constant-
proper@flowsforPrandtlnumibers0.7,1.0,5,and10. Solutionsfor
poroussurfaceswereobtainedinreference5 to estimatetheeffectsof
transpirationcoolingonheattransfer.A numericalcomparisonof some
oftheresultsofreferences3 to 5 isgivenina~endixB ofreference.

Variablefluidproperties.- References6 and7 presentsolutions
for Prw= 0.7 withandwithouttranspirationcooMng. Thefluidprop-
ertieswereassumedtovaryaspowersofthetemperaturesothatthe
Prandtlnumbervariedwithintheboundaryhyer. Solutionstothecom-
pressibleI_sminar-boundary-layerequationsfor Pr of0.7and1.0with
notranspirationcoolingarepresentedinreference8. Theviscosity
wastakentovarylinearlywithtemperaturesothat PP= constant.So-
lutionsarepresentedinreference9 for Fr= 1.0 withnotranspiration
cooling. Theviscosity-lawthere assumediS similartothatofChapman
andRubesin(ref.10).

Forthepresentpaper,additionalstagnation-pointsolutions(both
two-tiensionalandtiald.ysymmetric}havebeenobtainedfor Pr= 0.7
withandwithouttranspirationcooling.Themethodby whichthesesolu-
tionswerecalculatedisindicatedinappendixB.

Theheat-transferrelationsaregivenintermsof (1)a heat-
transferparsmeterNu/& tramtheexactsolutionsand(2)the
localvelocitygradientatthestagnationpoint.

Thecharacteristicquantityrepresentingheattransferwhichis
obtainedfhm exactsolutionsofthelam.inar-boundary-layereqy.ations

f)+. b
is Nu/~, wheretheNusseltnumberNu= t

av-%=q’mdthe
Uex

ReynoldsnumberRev= —.
‘w
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Indescribingtheflowoverbluntbodies,thefirsttermofthe
Taylor

where
nalto

seriesfor-surfacevelocityistheW&r relation

% = Cx (2) .

C isa constantrepresentingthelocal.velocitygra~entexkr-
theboundaqylayeratthestagnationpoint.Becauseofthislin-

esrvelocityrelation(eq.(2)),theratioNu/& atthestagnation
point(x= O)is finite,althoughtheNusseltandReynoldsnumbersindi-
viduallybecomezeroat x= O. Furthermore,fora stagnationpoint,
theexternalMmh numberis zero,sothatinthedefinitionof Nu the
adiabaticwalltemperatureisthefree-stresmstagnationtemperatureto.

fromtheprecedingrelations,
be expressed

kw
h=—

< vw

theheat-transfercoefficienth can

()NuF
K c

%
q
~’ Similarly,thelocalrateofheattransferq

area,definedby therelationq = h(to- tw)j

.

To solve
clientC
fromthe

The

‘=‘(tktw)(*)

(3)

tothewallperunitwalJ.
is

a givenproblem,itisnecessaryto determinethevelocitygra-
frompotentialflowrelations,andtheparsmeterNu/fiw.
pertinentboundary-la~rsolutions. “

LocalVelocityGratient

localvelocity.gadientinthevicinity”ofthe
shouldwhereverpossiblebe evaluatedtromexperimental

stagnationpoint
velocityor

pressuredistributionsfortheconfigurationbeingconsidered.However,
intheabsenceof suchexperimentalinformation,a reasonableestimate
maybemadefrompotentialflowrelations.

Thevelocityonthesurfaceofspheresandcylindersin subsonic
potentialflowisdeterminedinreferencesU.and12,respectively.
ThemethodusedthereinistheRayleigh-Janzenexpansioninpowersof
Machnumber.Theresultingvelocitygradientsatthestagnationpoint
for y = 1.4 are:
Sphere:

c= > (1-0.252lf -0.0175?@ “ (5)

.
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Qlinder:

c= ~ (1-0.416~ -0.164M$) (6)

where U1 and ~ arethesubsonicvelocityandMachnumberaheadof
thebody,and r istheradiusofthebody. Relations(5)and(6)were
derivedforuniformsubsonicflowapproachingthebodies.Forthecase
of supersonicflightspeeds,thebodyisprecededby a curvedbowwave
behindwhichtheflowisnonuniform.Nevertheless,fora spheretheex- k
perimentalpressuredistributionnearthestagnationpointhasbeen mm
foundfromreference13tobe wellrepresentedwithoutconsiderationof
shockcurvature.tithiscase,ul and ~ aretakentobe thevalues
ofvelocityandMachnumberjustbehindthenormalportionoftheshock.
However,fora cyhder in supersonicflightwithaxisnormaltothe“
flow,equation(6)doesnotappearadequate.Thee~erimental.lyob-
serv&dvelocity‘giadients(refs.14aud15]

predictedforNewtonianflow,wldchis C =

ChartsofHeat-Tmnsfer

Valuesoftheheat-transferparameter

morecloselyresemblethat

Parameter

Nu/~~ forforced-
convectionheattransferarepresentedinfig&e-1. ThesolidMnes
arefor Pr of1.0and0.7andrepresentthesolutionsofreference
9 andthepresentreport.T%.edashedlinesareforconstantWandtl
numberdeterminedusingeqwtion(l). Thesmalldifferencebetween
thesolutionsofreferqnce7 andthoseofthepresentreportfor
I%?= 0.7 arisesfrcmthedifferentassumptionoffluid-propertyvar-
iation.Thesesolutionsshowthat,for t#to betweenO and2,the
variationin Nu/~ islessthanabout10percenttia thevalues
for ~jto = 1 forboththetwo-dimensional.andthe-ally symmetric
stagnationpoints.Thevaluesfor ~/tO = 1 arealsothoseobtained
forconstantfluidproperties.

Theeffectoftranspirationthrougha porouswall.ontheheat-
transferparameteris showninfigure2. Theabscissaisthedimen-
sionlessnormalvelocitypaxameter%T/~3 ~ch stemsfromtheex-
actsolutions.b general,asthenormalvelocityintotheboundary
layerisincreased,theheat-transferparameterdecreasessignificantly.
Thisdecreasebecomesmorepronouncedasthesurfacetemperatureislow-
ered.Thebrokenlinesrepresentvaluesobtainedby interpolationfrcm
thesolutionsofreference7. Thedifferencesbetweenthesolutionsof

——.._ ___ _ ---- ——— — — -——
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reference7 andthoseofthepresentreport,as evidencedby thelackof
uniformityinthespacingofthecurvesoffigure2,areduetothedif-
ferentassumptionsoffluid-propertyvariation.Forconstantfluid

“()

t~
— = 1 , thetwocalculationsshouldagree.‘rqem=es to An estimateof

thespacingbetweenthecurvesof t#50= O and0.25forthetially
symmetriccasemaybe obtainedby examinationofthepresentlycalcu-
latedpointsfor

To calculate

vw/@Tj = 0.707.

APPLICATION

eithertheheat-transfercoefficienth fromequa-
tion(3)orthelocal.heat-transferrate q ata stagnationpointfrom
equation(4),itisnecesssrytohow thelocalvelocitygra~ent C at
thestagnationpointandthedhensionlessheat-transferparameter
Nu/*. Thelocalvelocitygradientmaybe obtainedfromestablished
experimentaldata,and Nu/@ chosenfromfigures1 or 2 according
totheconditionsatthestagnationpoint.h theabsenceofexpertien-
taldata,thelocalvelocitygradientmaybe estimatedfromequation(5)
or (6),whicheverisappropriate.

Theproblaathandmayoften,however,be thatof findingthesur-
facetemperatureundertheactionofvarioustypesofcoolingorelse
thatof findingthetranspirationmassflowreqyiredtomaintaina spec-
ifiedsurfacetemperature.Forsuchprobla itisnecesssxgto con-
sidertheusualheatbalmce

(7)

Theleftsideofequation7}representstherateofheattransferby
convectiontothesurface[eq.(4)).Thefirsttermontherightside
qic,whichrepresentstherateofheatremovalfromthesmfaceby an
internalcoolant,istheproductoftheinternalcoolantmassflowper
unitcooledsurfacesz’eaandtheenthalpyriseofthisinternalcoolant
perunitmass. Thesecondtermontherightsideofequation(7)ac-
countsfortheheatremovedby transpirationcooling,where(AH)tcis
theenthalpyriseofthetranspirationcoolantperMt mass. Thelast
termofequation(7)representstheheattransferredflmmthesurface
by radiation.TMs Wbe quiteimportantwhenhighsurfacetempera-
turesarebeingconsidered.

——. .—-—-—...— — .—. -——-—- —-—-———--- ——-
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Thesoltiionssho~minfigure2 areexactonlyifthecoolantand
theexternalfluidatthestagnationpointhavethesanephysicalprop-
erties.Iu saneapplicationsitmaybe desirabletousea coolantwhich ‘
is a Ufferentfluidfromthatflowingoverthebody{e.g.,waterasa
coolant,withairflowingoverthebody).Althoughitisnotpossible

~ fromthepresentcalculationtopredicttheadditionaleffectsiftif-
ferentfltidsareinvolved,it isexpectedthatthepresentresults
wouldbe reasonablesolongas eithertherateofinjectionis small,
orthepropertiesof
flow.

Forthegeneral

(Q.

thecoolantaresimilartothoseoftheexternal

caseofa liquidcoolantbeingevaporated,

= y,v(tw- ‘v)+ ~ + ~,z(t~- ‘res)

Thesubscriptsv and Z refertothevaporandliquidstates,respec-
tively,~ isthelatentheatofvaporizationofthecoolant,~ is
thevaporizationtemperatureofthecoolant,and tres isthetempera-
tureofthecookntreservoir.

Fora specifiedproblem,thepertinenttermsof equation(7)are
retainedandthecalculationperformedto effecta heatbalance.The
followingformof equation{7)is convenient:

Several.examplesarepresentedto illustratetheuseoftheheat-
transferrelationsandtheheatbahnce. Thecalculationsarefora
hemispherical-nosedbodyhavinga l-footradiusandmovingat M= 5
at analtitudeof175,0CQfeetwheretheambienttemperatxweis170°F.
TheJ&h numberandvelocitybehindtheshockare Ml= 0.415and
U1= 1231feetpersecond.Equation(5)indicatesa velocitygradient
at thestagnationpointofmagnitude1767persecond.

I.Rateofinternalcoolingrequiredtomaintaina givenwalltan-
perature.- Sinceonlytheheat-transferrateisrequired,thecalcula-
tionforexmpleI canbe perfomnedusingequation(4)andthevalues
oftheheat-transferparameterNu/6 fromfigure1. A valueof
q is obtainedforeachassumedwalltemperature.Theresultis shown
ontheleftin figure3.

. . ..— — ..—. —.—. —-. _——_
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II.Rateoftranspirationcoolingrequiredtomaintaina givenwaU
temperature.- ForexampleII,theheatbalancefromequation(8)is

Forgivenvaluesoffree-streamstagnationtempemtureandcoolantres-
ervoirconditions,thebracketedtermisa functionofwalltempemture
only. Thisequationthusprovidesa relationbetweentheheat-transfer
parsmeterNu/~~ andthenormalvelocityparametervw/@. An-
otherrelationbetweenthesetwoquantitiesisthatoffigure2. The
resultsof simultaneouslysatisfyingbothrelationsareshownin figure
3. Thecoolantassumedwaswaterata reservoirtemperatureof40°F.

III.Surfaceequilibriumtemperatureconsideringonlytheheat
transferby radiation.- ForexampleIII,theheatbalance,from
equation(7),is

where a istheStei%n-Boltzmanncoefficient
ofthewallmaterial.Theradiationreceiver
powerwasneglectedhere,as itwouldbe smallc&sred with t$. The

and e istheemissivi~
temperaturetothefourth

resultoftheindicatedcalculationisthat,foran assumedemissivity
of0.6,radiationlowersthewald.tarperaturefroma stagnationtemper-
atureof3780°R toa temperatureof1740°R.

IV.Rateoftranspirationcoolingrequiredtomaintaina givenwall
temperaturewithradiation.- TheheatbalanceforexsmpleIV canbe
written,fromequation(8~,

Hereagainthecoolantwastakentobe waterata reservoirtemperature
of 40°1?,andthemissivitywastakentobe O.6. Foreachassumedval-
ue of surfacetemperature(necess=il.ybelow1740°R becauseofthera-
MationcalculationofexampleIII),valuesof Nu~w and VW-
arefoundby trial-and-errorsolutionusingfigure2. Theresultsare
shownin figure3.

. . .—-—. ——- ..._ ——. .—— — .—— — _— ——.



—.. —

.

8 NACATN‘35X5

.

Discussionofexamples.- An exwninationof figure3 showsthat,
omittingradiation,forsmallreductionin surfacetemperaturethemode
of coolingdoesnotsignificantlyaffecttheheat-transferrate. How-
ever,as thedesiredsurfacetemperatureisfurtherlowered,trans@.ra-
tioncoolingreqtiesnoticeablylessheatremovalthandoesinternal.
cooling. Thissametrendhasbeennotedforzeropressuregradient
(ref.16). Ona weight-of-coolantbasis,transpirationcoolingusing
a liquidcoolantwhichbecomesvaporizedhasa significantadmtage
overinternalcoolingforwhichboilingmaynotbepermitted. h

g
Radiationaloneis seento coolthesurfacefrom3780°to 1740°R. W

However,ifsurfacetaperaturesbelow1000°R arereqxired,radiation
reducesthereqtiedconvectionheattransferonlyslightly.

CONCLUDINGREMARKS

Relationsarepresentedforcalculatingtheforced-convection
heat-transfercoefficientandlocalrateofheattransferatbothtwo-
dimensionalandaxiallysymmetricstagnationpoints.Theserelations
involvethelocalvelocitygrafientatthestagnationpointandthe
&bnensionlessheat-transferparameterNu/~.

An examinationofvariousexactsolutionsshowsthatcoolinga
surfaceat constanttemperaturewithouttranspirationcoolingcanre-
ducetheparameterNu~~l~ by lessthan10percentfkomthatofthe
insulatedsurface. v

Ontheotherhand,flowintotheboundarylayerthrougha porous
surfacetendsto causea largedecreaseinheattransfemedtothe
surface.Thisdecreaseismorepronouncedasthesurfacetemperature
isreduced.

LewisFIQht PropulsionLaboratcmy
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,I&y20,1955
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APPENDCiA

SYMBOLS

followingsymbolsareusedinthisreport:

constantfrom Ue= @

constantfrom(~ - tsp)= B+

stagnation-pointvelocitygradient

specificheatat constantpressure

boundary-layerstreamfunction

enthalpyrise

heat-transfer

oftranspirationcoolant

baw - %

thermalconductivity

Machnumber

exponent&am

Nusseltnumber
%

exponentfkom(tw- tsp)= B#

FYandtlnumber

localheat-transferrateperunitarea

rateofheattransfertoan internalcoolant

radiationheat-transferrateperunitarea

%x
ReynoldsnumberR%= —

‘w

radiusof sphereorcy13nder

. .—. --- .-—-— - — —— —-. — . . . .. . . ——. — _ .—. ——...————
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s

t

%
u

v

x

Y

P

r

n

P

v

P

t~
enthalpyfunction= — - 1to

temperature

vaporizationtemperature

velocitycomponentinx-Urection

veloci~componentiny-direction

coordinate

coordinate

fromstagnationpointalongbodysurface

normaltobodysurface

pressure-gradient~eter, P = *

ratioof specificheats

boundary-layersimilarityparameter

-c Viscosity

kinematictiscosity

density

NAC!.ATN 3513

Subscripts:

aw adiahticwall

e localflowoutsideboundarylayer(external]

s stagnationvalue

Sp stagnation-pointvalue

w wallor surfacevalue

o free-streamstagnationvalue

1 conditionsin fkontofbody(butbehindshockwavein super-
sonicflow)

..- —.— —.. ___ .— -——.
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EXACTSOLUTIONSFORSTAGNATION-POINTFLOWWITH

CN
o-a
ul
4

PRANDTLNUMOIROF0.7

Inreference9 Stewartson’stransformationwasappliedtothe
compressiblelaminar-boundary-layerequations.Therequirementof
similaritywasintroducedanda viscositylawshd.lartothatof
ChapmanandRubesin(ref.10)wasassmed. Theequationsthatre-
sultedare

f,,, + ffllq p(f’z-1- s) )

s“+Pr fs’

‘(’-d.:xd(f’f’’f+f2’)’) ““
where f istheboundary-l-rstr- function,S isan enthalpy
function,andprimesdenotedifferentiationwithrespecttothe
boundary-layersimilarityvariableq. Forstagnation-pointflow,
Me=o. With I&= 0.7,theequationstobe solvedare

fill+ ff.t:= p(f’z-1- s)
\

s“+ 0.7fs’= o
)

withtheboundaryconditions

{

o withouttranspirationcooling
f(o)= ‘wfv=-—

w
6

\

fortranspirationcooling

(B3)
f’(o)= o I

Fora two-tiensiondstagnationpoint,13= 1;whileforanaxially
synmetricstagnationpoint,~ =

[
1/2 ref.17 flrcxnMangler’strans-

formation).Solutionsto equationsB2)withboundaryconditions
(B3) wereobtainedontheIBMcard-programmedcalculator.

.-. .—.—.. ..— .-. .— .—.-—. .__—. ——— ~~ . . -—. —.— —
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Valuesoftheheat-transferparameterNu/.w areobtainedfrom
thesolutionsas folloys.Fortwo-dimensionalflow,

sothat,ata two-dimensionalstagnationpoint(~

Foraxiallysymetricflow,
of m-
formation,so

mustbemultiplied
thatatantially

d%=

theappropriatei

=1):

two-dimensional
by@ accordingto
symmetricstagnation

%

- ~(%)—
pi/2

.“

value
Mangler’strans-
point(~= 1/2):

Thesolutionsofreference7 are.ofcourse.alsoad.a~tedtoaxi-
allysymmetricstagnation-pointflowby obtaimi&thevalu~of Nu/~~

for s = 1/2(Eulerntier Eu= 1/3)andmultiplyingby~. Sincein -
reference7 solutionsarenotpresentedfor Eu= 1/3,thesemustbe
obtainedby interpohtion.Thenormalvelocityparsmeterdefinedin
termsofthevariablesofreference7 may be written
~w/~ = - fw(Eu+ 1)/2fi whichforanaxiallysymmetricstagna-

tionpointbecomesvw/~= - 2f1r/@.
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Figure1.-EffectofPnandtlnumberandwall
heat-transferparameter.
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(a)Two-dimensional. (b)Axiallysymmetric.

Figure2.- Effectoftranspirationcoolingonheat-transferparameter
forvariouswalltemperatures.Prandtlnumber,0.7.
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Figure 3. - Effects of internal cooling, transpirationcooling, and radiation on st.9gne.ti0n-
Nint heat tmmfer end surface _rature of hmispherical-nosed body.
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